Solid bromine has been studied by x-ray absorption spectroscopy experiments up to a maximum pressure of 75 GPa. The data analysis of the extended fine structure reveals that the intramolecular distance first increases, reaching its maximum value at 25 5 GPa. From this value the intramolecular distance abruptly begins to decrease evidencing a nonpreviously observed phase transformation taking place at 25 5 GPa. A maximum variation of 0.08 Å is observed at 65 5 GPa where again a phase transition occurs. This last transformation could correspond with the recently observed change to an incommensurate modulated phase. We discuss the possible generalization of the observed new phase transition at 25 5 GPa to the case of the other halogens.
We report x-ray absorption spectroscopy experiments showing the existence of a phase transition in solid diatomic bromine at 25 5 GPa. Previous to this work the consensus has been that under compression of diatomic molecular solids, the intermolecular distances shrink and in a lesser extent the intramolecular distance increases or remains constant. Both distances become progressively comparable leading at a given pressure to molecular dissociation and metallization through one or more phase transformations [1] [2] [3] [4] . At the dissociation pressure both the intermolecular and intramolecular distances are the same. The high resolution of our experiments shows that the intramolecular distance of bromine initially increases up to 25 GPa as expected. However, at 25 GPa the intramolecular distance suddenly begins to decrease up to 65 5 GPa. This sudden change in sign of the pressure induced bond distance modification is attributed to a new type of phase transition, which to our knowledge is observed here for the first time. This result should modify the way we understand dissociation and metallization in diatomic solids at high pressure and could have significant theoretical impact on the investigation of these phenomena in solid H 2 , or other molecular solids which are of central interest, both from a theoretical point of view as well as for their implications, for example, in astrophysical problems.
The heavier halogens (Br 2 , I 2 ), constitute model systems for the study of simple molecular solids under high pressure as the necessary pressures for metallization or dissociation are typically a factor of 10 to 100 smaller than for H 2 . The low pressure solid phase of the halogens is an orthorhombic molecular crystal (D 18 2h or Cmca) made of layers of molecules (see Fig. 1 ). Each layer is constituted of in-plane molecules in a zigzag arrangement. During the first stages of compression, the predominant effect on the structural arrangement is the reduction of the interlayer distances as observed by x-ray diffraction experiments ( [5] , and references therein). A consistent picture of the high pressure evolution of halogens (Cl 2 , Br 2 , and I 2 ) was developed by Fujihisa et al. [5] following the high pressure x-ray diffraction investigation of iodine and bromine [6 -9] . They observed that the pressure evolution of the structural parameters of the three halogens scaled well as a function of a reduced atomic volume defined as v r v at =8r 3 s , with r s being the interatomic distance of the molecule in the solid state. An important fact to keep in mind is that in this definition r s was considered constant.
It was equally found that the dissociation pressure of bromine and iodine takes place at a limiting value of v r 1:29, which corresponds well with their respective observed transitions pressures at that time at 21 and 80 GPa. Further transitions to more compact structures have been identified at higher pressures [10] .
Semimetallization through gap closure was predicted to take place at v r 1:37 based on a value of 16 GPa for iodine. This gives a prediction of 60 GPa for the semimetallization pressure of bromine, which is in good agree-FIG. 1 (color online). View of the structure of the low pressure phase of bromine (Cmca, space group No. 64). The layered structure is emphasized and the unit cell is depicted. The EXAFS measurements here presented have allowed us to follow the pressure evolution of the intramolecular distance and the nextneighbor distances, r 2 and r 3 . ment with electrical conductivity experiments [11] . In fact, electrical conduction experiments in iodine [12, 13] show that the electrical resistivity drops down abruptly from 0 to 13 GPa in the direction perpendicular to the I 2 layers and from 0 to 18 GPa in the layers' directions as it has been discussed in [14] . Different calculations [5, [13] [14] [15] indicate that the interlayer interaction is responsible for the progressive gap closure through orbital resonance.
Recent investigations have shown the presence of an intermediate incommensurate modulated phase [2, 16] leading to a revision of the halogens' phase diagram. This intermediate phase has been well characterized in the case of iodine [2] , showing nearest interatomic distances continuously distributed between the bond length of I 2 in the molecular crystal and the nearest interatomic distance in the fully dissociated monatomic crystal. The transition to the incommensurate modulated phase takes place at about 23 GPa for iodine and 84 GPa for bromine. The dissociation pressures are pushed further to pressures of about 30 and 115 GPa for iodine and bromine, respectively [16] .
The observation of an evolution of the intramolecular distance in iodine at the first stages of compression [17] will modify the values of the key parameter of reduced atomic volume. This, added to the discovery of the intermediate incommensurate phase and the shift of the different transition pressures, calls for a revision of our image of the high pressure evolution of halogens. In this Letter we show that the bromine intramolecular distance not only significantly evolves with pressure, but also its variation shows a sharp discontinuity at 25 GPa, which evidences a phase transition. The consequence on the case of iodine will be discussed.
Our experiments were performed at the ID24 energy dispersive extended x-ray-absorption fine structure spectroscopy (EXAFS) beam line [18, 19] of the European Synchrotron Radiation Facility (ESRF, Grenoble, France) using a specially designed optics [20, 21] . The x-ray beam with an energy window around the bromine K edge, was focused both in the horizontal and vertical planes to reach a 10 10 m 2 spot. Pressure was applied using a diamond anvil cell at room temperature. The solid sample was loaded in the cell at liquid nitrogen temperature in an argon atmosphere to avoid sample contamination. Two different experiments were performed. In the first one, pressure was calibrated from the bromine equation of state [5] monitoring the (111) and (112) diffraction peaks. In this experiment a maximum pressure of 61 GPa was reached. In the second experiment the evolution of the full width at half maximum of the Br K edge near-edge peak was used for the pressure calibration [14] and a maximum pressure of 75 GPa was attained. In all experiments ruby chips were included for pressure calibration, but their signals were not found. No pressure transmitting medium was introduced. The noncontamination of the sample was easily checked visually as the color of bromine evolves from red to yellow when it is in contact with air. A further check comes from the preedge peak (see Fig. 2 ), the intensity of which rapidly decreases with contamination. In contrast with our previous work on bromine [14] , both the x-ray-absorption near-edge structure (XANES) and EXAFS part of the spectra were obtained.
The x-ray absorption Br K edge preedge strong peak (see inset of Fig. 2 ) corresponds to the transition of the photoelectron to the first nonoccupied states in the electronic density of states. These states derive from the antibonding energy level of the Br 2 molecule [22] . Figure 2 shows the evolution of the FWHM of this peak as a function of pressure. The already observed discontinuity in the slope of this feature at 25 GPa [14] is then confirmed by both experiments and is even better defined. We observe in Fig. 2 a further change in the evolution of the FWHM at 65 5 GPa. The x-ray absorption preedge peak is followed at higher photoelectron energies in the spectra by the Br K edge absorption jump. We have followed the position of the Br K edge at the inflexion point of the absorption jump. Its evolution with pressure is linear with a value at ambient pressure of 13 471 eV and a slope of 0:02 eV GPa ÿ1 .
The EXAFS oscillations were extracted by usual technics and are shown in Fig. 3(a) for some selected data. The most important contribution to the signal is due to the single scattering path of the photoelectron inside the molecule. With increasing pressure, contributions from second and higher neighboring shells become progressively important. Our data analysis includes the ab initio calculation of the atomic scattering amplitude and phase shift for each scattering path using the FEFF [23] code and the fit with the structural model of bromine using the FEFFIT code [24] . In addition, we have constrained our data analysis so that the atomic volume at the measured pressure corresponds, within the error bars, to the one measured by x-ray diffraction [5] . The obtained fits, shown in Fig. 3(a) , are remarkably satisfactory up to 68 GPa. The interatomic distances obtained from the EXAFS fits are shown in Fig. 3(b) and compared with the ones obtained by x-ray diffraction by Fujihisa et al. [5] .
The fitting constraint on the atomic volume leads to a coupling between the EXAFS results on the second and third neighbor distances, that appear to be in very good agreement with the x-ray diffraction data [5] . There is no geometrical constraint on the first neighbor distance, for which the EXAFS is more sensitive. Within the error bars, there is agreement between the results from the two techniques. EXAFS being a local probe, the nearest neighbor distances are determined with a very high accuracy, whereas the second and third neighbor distances are more scattered. Figure 4 shows only the bromine intramolecular distances as obtained from our EXAFS experiments. The agreement between our two EXAFS experiments is remarkable. It appears here clearly that contrary to what has been shown in all previous works, the bromine intramolecular distance evolves with pressure. But more remarkable, the bromine molecule elongates by about 0.06 Å from room pressure up to 25 GPa, and then it contracts of about 0.08 Å up to 68 GPa. Such a small variation could not be detected in the previous x-ray diffraction experiment since the errors in the determination of the molecular distance were comparable with the variations observed in the present study. All fits up to 68 GPa were reliable within the same structural model corresponding to the molecular Cmca phase. We recall here that strong changes in the x-ray absorption preedge peak are observed at 65 5 GPa. For pressures above this value, we have tested different structural models in the EXAFS fit: (i) the body-centered orthorhombic Imma phase corresponding to the molecule dissociation observed in bromine at 115 GPa and in iodine at 30 GPa; (ii) the recently discovered incommensurably modulated high pressure phase of iodine [2] observed before dissociation. All attempts of improvement of the EXAFS fits within these models failed. However, a good fit could be obtained using a simple model that considered two different Br-Br distances at 2.22 and 2.56 Å . A mixture of the Cmca phase with either of the above mentioned high pressure structures could agree with this last fit. In fact, as it can be seen in Fig. 2 , the data at 70 and 75 GPa correspond to a zone of rapid change of the preedge peak shape, which can be assigned to a phase transition domain. The combination of our EXAFS and near-edge observations is reasonably compatible with a structural phase transformation at 65 5 GPa, implying important changes in the electronic structure.
Kume et al. [16] pointed out the appearance of a new Raman band (called X by them) at 60 GPa in bromine that within the error bars is consistent with our results. A pressure transformation at 65 5 GPa is considerably below the transition pressure towards the modulated phase (84 GPa). We speculate that the nature of this phase transformation makes it more sensitive to local probes as Raman and x-ray-absorption spectroscopy (XAS).
Let us now return to the unusual behavior of the bromine interatomic distance within the Cmca phase. The increase of the intramolecular distance with pressure that is observed up to 25 GPa is the one expected for such an anisotropic system. In fact, a linear dilation of the iodine intramolecular distance with pressure is exactly what was also measured in solid and liquid iodine using EXAFS [17] and is characteristic of other anisotropic systems [25] . The sudden change appearing at 25 GPa clearly points out to the onset of a phase transformation and is supported by Raman experiments that show the splitting of some modes at 25 GPa [16] and by the discontinuity in the width of the XAS preedge peak. However, there is no discontinuous evolution of the next-neighbor measured EXAFS distances as well as in the published x-ray diffraction structural parameters [5] . To try to get some more insight on the phase transformation at 25 GPa, let us turn to the reduced volume concept.
In Fig. 5 , we compare the pressure evolution of the reduced volume of bromine and iodine as a function of pressure. The atomic volume values are the ones given in Ref. [5] . We have considered in both cases the pressure dependence of the molecular distance as obtained in the present work for bromine and the ones for iodine from Ref. [17] . In that way the reduced volume is here defined as v r v at =8r 3 m , with r m the molecular distance at the given pressure. The phase transition observed at 25 GPa for bromine translates into a sudden reduction of the pressure derivative of v r taking place at v r 1:5. This reduction is representative to an evolution toward a reduced molecular character. From the figure we cannot exclude the presence of a small plateau in v r appearing at 25 GPa.
In the case of iodine, the measured interatomic distances only allow us to determine its reduced volume up to a maximum value of v r 1:6, just above the phase transition limit of bromine. If we extrapolate the reduced volume values for iodine, the value of v r 1:5 would be attained in iodine at approximately 8-10 GPa. Interestingly, in the pressure dependence of the Raman spectra of bromine and iodine, Kume et al. [16] show that the crossover of the A g S and B 3g S modes and a splitting of the A g L and B 3g L modes takes place in the domain 25-32 GPa for bromine and at about 10 GPa for iodine.
In conclusion, EXAFS and XANES data show the existence of a phase transition in solid bromine at 25 5 GPa. The phase transformation is associated with variations of the molecular character of the structure of Br 2 . The pressure dependence of a reduced volume compared to published Raman data [16] , shows that the intramolecular evolution with pressure described here could be a more general behavior applying to other molecular systems as the other halogens and particularly iodine. The exact nature of the observed phase transition, which appears to be associated with modifications in the electronic structure, remains to be clarified.
